Ribonucleotide reductases (RNRs) convert ribonucleotides to deoxynucleotides, a process essential for DNA biosynthesis and repair. Class Ia RNRs require two dimeric subunits for activity: an ␣ 2 subunit that houses the active site and allosteric regulatory sites and a ␤ 2 subunit that houses the diferric tyrosyl radical cofactor. Ribonucleotide reduction requires that both subunits form a compact ␣ 2 ␤ 2 state allowing for radical transfer from ␤ 2 to ␣ 2 . RNR activity is regulated allosterically by dATP, which inhibits RNR, and by ATP, which restores activity. For the wellstudied Escherichia coli class Ia RNR, dATP binding to an allosteric site on ␣ promotes formation of an ␣ 4 ␤ 4 ring-like state. Here, we investigate whether the ␣ 4 ␤ 4 formation causes or results from RNR inhibition. We demonstrate that substitutions at the ␣-␤ interface (S37D/S39A-␣ 2 , S39R-␣ 2 , S39F-␣ 2 , E42K-␣ 2 , or L43Q-␣ 2 ) that disrupt the ␣ 4 ␤ 4 oligomer abrogate dATPmediated inhibition, consistent with the idea that ␣ 4 ␤ 4 formation is required for dATP's allosteric inhibition of RNR. Our results further reveal that the ␣-␤ interface in the inhibited state is highly sensitive to manipulation, with a single substitution interfering with complex formation. We also discover that residues at the ␣-␤ interface whose substitution has previously been shown to cause a mutator phenotype in Escherichia coli (i.e. S39F-␣ 2 or E42K-␣ 2 ) are impaired only in their activity regulation, thus linking this phenotype with the inability to allosterically down-regulate RNR. Whereas the cytotoxicity of RNR inhibition is well-established, these data emphasize the importance of down-regulation of RNR activity.
Ribonucleotide reductases (RNRs) 4 are essential enzymes for all living organisms due to their role in providing deoxynucle-otides for DNA synthesis and repair (1) (2) (3) (4) . In particular, RNRs use radical-based chemistry to convert ribonucleotides (ribonucleoside diphosphates in the case of class Ia RNRs) into deoxyribonucleotides (Fig. 1A) . The prototypic enzyme for understanding RNR chemistry and regulation is the class Ia RNR from Escherichia coli. This enzyme consists of two dimeric subunits, ␣ 2 and ␤ 2 . ␣ 2 contains the catalytic machinery for nucleotide reduction as well as two allosteric nucleotide-binding sites: an allosteric specificity site at the dimer interface that modulates the affinity of the enzyme for pyrimidine versus purine substrates (5) (6) (7) and an allosteric activity site at an N-terminal cone domain that modulates overall activity ( Fig.  1B) (8 -10) . ␤ 2 contains the diferric tyrosyl radical cofactor that is essential to RNR's catalytic mechanism ( Fig. 1B) (11) (12) (13) (14) . Enzyme activity requires the formation of a compact ␣ 2 ␤ 2 state that is capable of transferring the radical from ␤ 2 to ␣ 2 to generate a catalytically essential Cys-439 thiyl radical species (Fig.  1, C and D) (15) . Residues responsible for the radical transfer (RT) from ␤ 2 to ␣ 2 include Tyr-356, which is part of the C-terminal tail of ␤ 2 that is disordered in all crystal structures, and Tyr-730 -Tyr-731 of the ␣ 2 subunit (Fig. 1D) (4) . The C-terminal tail of ␤ 2 also provides much of the binding affinity of ␤ 2 for ␣ 2 (16) , and although no high resolution structures of the ␣ 2 ␤ 2 state have been determined, the binding site on ␣ 2 for the last 13 residues of the C-terminal tail of ␤ 2 has been visualized by crystallization of ␣ 2 with a ␤ 2 peptide ( Fig. 1B) (8) .
Once a compact ␣ 2 ␤ 2 state is formed and a thiyl radical species is generated on Cys-439, catalysis occurs via radical-based substrate intermediates. The hydroxyl group of the ribonucleotide substrate is lost in the form of water with two cysteines in the active site (Cys-225 and Cys-462, Fig. 1D ) providing the reducing equivalents (17, 18) . Following product formation, the radical species returns to ␤ 2 , and the compact ␣ 2 ␤ 2 complex disassembles (19) , allowing for re-reduction of Cys-225 and Cys-462 via a series of disulfide exchange reactions that utilize thioredoxin (TR), thioredoxin reductase (TRR), and NADPH (4) (Fig. 1A ).
An improper balance in the ratio of deoxyribonucleotides to ribonucleotides in a cell can be toxic (20 -25) , and RNRs have been proposed (3) to play an important role in maintaining this balance by sensing and responding to the ratio of dATP to ATP in the cell (26) . When dATP concentrations are too high, RNR activity is inhibited; restoration of the appropriate ratio of dATP to ATP reverses the RNR inhibition (5, 8, 9, 27) . The molecular mechanism of dATP-induced inhibition for the E. coli class Ia RNR appears to involve an oligomeric state change from the compact ␣ 2 ␤ 2 state to an ␣ 4 ␤ 4 state ( Fig. 1C ) (10, 28) . In particular, dATP binding to the N-terminal cone domain of ␣ leads to the establishment of a small (ϳ580 Å 2 ) ␣-␤ interface and the formation of an ␣ 4 ␤ 4 ring-like structure, which has been captured by small-angle X-ray scattering (SAXS), electron microscopy (EM), and crystallography (7, 10, 29) . In this ␣ 4 ␤ 4 state, the C-terminal tail of ␤ also contacts ␣, maintaining the interaction observed in the ␤ peptide-bound ␣ 2 structure (8, 29) ( Fig. 1, B and C) . Reversal of E. coli class Ia RNR inhibition occurs when dATP/ATP ratio decreases, which leads to the displacement of dATP by ATP in the cone domain, and results in a shift of the equilibrium away from the ␣ 4 ␤ 4 state toward the active ␣ 2 ␤ 2 state (10, 30) .
Although it is known that dATP inhibits RNR activity and leads to ␣ 4 ␤ 4 ring formation in E. coli class Ia RNR, there is no experimental evidence that ring formation causes inhibition rather than being a result of the inhibition. We have previously proposed that the ␣ 4 ␤ 4 state is an inactive form of RNR, one that is incapable of RT between ␤ and ␣ subunits due to the lengthened RT distance (60 Å) and the abrogated RT pathway (10) . Here, we seek to obtain experimental evidence whether ring formation is causative of inactivity. We reason that if ring formation is indeed responsible for dATP-induced RNR inhibition, then mutations that disrupt ring stability would result in an RNR that is insensitive to dATP. Here, we test this hypothesis by employing site-directed mutagenesis to prepare RNR mutant proteins that have substitutions at the ␣-␤ interface, including two RNR variants that were previously found to cause mutator phenotypes in vivo (31) . We then used negative stain EM and analytical ultracentrifugation (AUC) to identify RNR mutant proteins that cannot form the ␣ 4 ␤ 4 oligomeric state and subjected those enzymes to dATP-inhibition studies. We find that RNRs that cannot adopt the ␣ 4 ␤ 4 oligomeric state also cannot be inhibited by dATP. In other words, formation of the ␣ 4 ␤ 4 state is required for dATP allosteric inhibition. The implications of these findings are also discussed.
Results

Select number of residues make contact across the ␣ 4 ␤ 4 interface
The ␣ residues from helices 1 and 2 of the cone domain contact ␤ ( Fig. 1E ) with the majority of interactions being made by residues from helix 2. Four residues on helix 2 (Ser-37, Ser-39, Glu-42, and Arg-44) and His-23 on helix 1 form hydrogenbonding interactions, including a salt bridge, across the ␣-␤ interface ( Fig. 2A ). Hydrophobic residues from both ␣ and ␤ also contribute to the interface packing. For example, Ile-297 of ␤ fits into a hydrophobic pocket composed of Leu-19 of ␣ helix 1 and Leu-43, Ile-47 and Phe-49 of ␣ helix 2 ( Fig. 2B) . To test the hypothesis that E. coli class Ia RNR inhibition depends upon ␣ 4 ␤ 4 ring formation, mutations of residues at the interface were prepared. In particular, five RNR mutants with substitutions in ␣ helix 2 were generated as follows: four single mutations, S39R-␣ 2 , S39F-␣ 2 , E42K-␣ 2 , and L43Q-␣ 2 , and a double muta- A, RNR reduces ribonucleoside di-(class Ia) or triphosphates into deoxyribonucleoside di-or triphosphates. For E. coli class Ia RNR, the reaction is accompanied with disulfide bond formation between Cys-225 and Cys-462, which can be re-reduced in vivo by NADPH through a series of disulfide exchange reactions (4). B, two proteins are required for class Ia RNR activity: ␣ 2 , the reductase subunit (blue/ cyan/green); and ␤ 2 , the radical subunit (red/orange). Dashed lines represent disordered C-terminal residues of ␤ 2 that were not resolved in crystal structures. C, during turnover, a transient ␣ 2 ␤ 2 complex is formed that is capable of radical transfer. No high resolution structure is available for this enzyme state; the figure shown is a docking model based on shape-complementarity (66), spectroscopic data (67, 68) , negative-stain EM (10), and SAXS (10) . High levels of dATP result in the formation of an inactive ␣ 4 ␤ 4 -ring structure (Protein Data Bank code 5CNS (7)) in which the N-terminal cone domain of ␣ 2 (green) forms an interface with ␤ 2 . The radical transfer pathway is interrupted in this oligomeric state. Not only is the distance between the diferric tyrosyl radical cofactor in ␤ 2 and the catalytic Cys-439 in ␣ 2 now ϳ60 Å instead of ϳ35 Å, but the radical pathway is disrupted by the presence of a large (ϳ100 Å) solventfilled cavity in the center of the ␣ 4 ␤ 4 ring. D, proton-coupled electron transfer (PCET) pathway in the ␣ 2 ␤ 2 active complex (red dashed line). Tyr-356 is present on the C-terminal tail of ␤ 2 and is essential for radical propagation, but it has never been visualized in a crystal structure. E, zoom-in of secondary structure at the ␣-␤ interface. Helices 1 and 2 of the cone domain are responsible for contacting ␤. The activity regulator (hydrolyzed from dATP to dADP in this structure), shown as magenta sticks, is not in direct contact with helix 2.
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tion, S37D/S39A-␣ 2 ( Table 1) . All residues chosen are involved in the ␣-␤ interface interactions, shown in Fig. 2 . All single substitutions are to larger residues that could sterically block formation of the interface. Four substitutions change the charge of residues that are involved in at least a hydrogen bond (S39R, S39F, E42K, and S37D/S39A), and one substitution, L43Q, is expected to alter the hydrophobic pocket on ␣ that is occupied by Ile-297 of ␤. Finally, two substitutions, S39F and E42K, were chosen because these substitutions in E. coli class Ia RNR were previously shown to disrupt nucleotide pools in E. coli (31) .
Mutation of interface residues leads to a dramatic reduction in ␣ 4 ␤ 4 -ring formation
Negative stain EM provides a visual method for assessing the propensity of E. coli class Ia RNR to form ␣ 4 ␤ 4 rings (10) at concentrations at or below physiological levels. As shown previously (10), ␣ 4 ␤ 4 rings form in the presence of a physiological concentration of the allosteric effector dATP (175 M), sub-strate CDP (1 mM), ␣ 2 (150 nM), and met-␤ 2 (150 nM) (met-␤ 2 is ␤ 2 in which the radical has been quenched by hydroxyurea) (Fig. 3A) . In contrast, when ␣ 2 and met-␤ 2 are mixed (150 nM) in the presence of 1 mM CDP and allosteric activity effector ATP (3 mM), the physiological concentration of ATP, mostly dissociated particles (free ␣ 2 and free ␤ 2 ) and some associated ␣ 2 ␤ 2 are observed ( Fig. 3B ). The results for the mutant proteins are dramatically different from wildtype (WT). No ␣ 4 ␤ 4 rings are observed in the presence of 175 M dATP and 1 mM CDP when met-␤ 2 is mixed with ␣ 2 mutant proteins S39F, E42K, or L43Q at the same concentrations used above ( Fig. 3C ). Because of small particle dimensions of the individual subunits and/or ␣ 2 ␤ 2 complex, no attempt was made to extract and classify the particles, but we inspected over 1,000 ␣ 2 ␤ 2 equivalents for each mutant protein with no sign of ␣ 4 ␤ 4 rings.
The enzyme concentrations used for EM (150 nM) are somewhat below the estimated RNR concentration in vivo, 0.5-2 M (32), and similar to those used in in vitro activity assays, 50 -100 nM. To assess ring formation at high enzyme concentrations, we turned to AUC. At high RNR enzyme concentrations, EM grids become too crowded, but higher enzyme concentrations are not problematic for AUC. We previously used AUC to show that the dATP-induced ␣ 4 ␤ 4 ring formation was independent of protein concentration in the 1-10 M range for WT ␣ 2 and met-␤ 2 (10) . The ␣ 4 ␤ 4 ring corresponds to a peak with a sedimentation coefficient of 15.6 S, which is the dominant peak at both 1 and 10 M WT ␣ 2 /met-␤ 2 in the presence of 175 M dATP ( Fig. 4A, upper traces) . In the presence of ATP (3 mM), the dominant peak at 1 M of protein is ϳ10 S, whereas at 10 M the dominant peak is ϳ15 S, close to a value that corresponds to ␣ 4 ␤ 4 rings (15.6 S) ( Fig. 4A, lower traces) . Additionally, in the presence of ATP, the peaks are broadened. Both the protein concentration-dependent peak shift and the peak broadening suggest that in the presence of ATP, an equilibrium mixture exists composed of both ␣ 2 ␤ 2 and ␣ 4 ␤ 4 states, which is driven toward ␣ 4 ␤ 4 by an increase in protein concentration.
In stark contrast to the behavior of WT E. coli class Ia RNR, for interface mutant proteins S39D/S37A, L43Q, and S39R, the 15.6 S peak that corresponds to the ␣ 4 ␤ 4 ring is not observed in the presence of dATP. Instead, a single ϳ10 S species is observed at both 1 and 10 M protein concentration (Fig. 4B ). This sedimentation value is consistent with an ␣ 2 ␤ 2 complex, as observed for 1 M WT class Ia RNR with 3 mM ATP ( Fig. 4A , lower traces). Even at 10 M enzyme in the presence of dATP, no discernable shift in the sedimentation values is observed for S37D/S39A and L43Q, indicating the inability of the mutant proteins to form the ␣ 4 ␤ 4 ring cannot be overcome by increasing the protein concentration. Although S39R showed a slight shift toward a larger species, it is apparent that the predominant form for this mutant protein is still the ␣ 2 ␤ 2 species. The ϳ10 S species observed for the interface mutant proteins with dATP is slightly broader than the ϳ10 S species formed at 1 M WT ␣ 2 and met-␤ 2 with ATP, which we attribute to the presence of a slight excess of ␣ 2 in these experiments. We conducted similar experiments with the S39F and E42K interface mutant proteins and observed no difference in the protein size distribution (7) . Colors are as in Fig. 1E . Deoxyadenosine moiety of the activity regulator is shown as magenta sticks. Interface residues that form hydrogen bonds between the cone domain and ␤ are also shown as sticks. Ser-37, Ser-39, Arg-44, and Glu-42 belong to helix 2; His-23 belongs to helix 1. B, ␣-␤ interface also shows a series of hydrophobic residues that form hydrophobic contacts. These residues include ␤ residue Ile-297, which inserts into a hydrophobic groove between helix 1 and helix 2. Leu-43, Ile-47, and Phe-49 belong to helix 2; Leu-19 belongs to helix 1. Residues mutated in this study are labeled with an asterisk.
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between conditions with 3 mM ATP and 175 M dATP ( Fig.  4C ). For these experiments, a 5-fold excess of met-␤ 2 was used to eliminate the likelihood of any excess ␣ 2 , which led to the appearance of a peak corresponding to free ␤ 2 , and more importantly, it led to sharper peaks at the same sedimentation coefficient (ϳ10 S), indicating that these RNR mutant proteins also form ␣ 2 ␤ 2 species (Fig. 4C ). Taken together, the EM and AUC experiments show that mutation of interface residues in all five cases result in RNR mutant proteins that are no longer able to form ␣ 4 ␤ 4 rings (Table 1) .
When the ␣ 4 ␤ 4 ring cannot form, dATP cannot inhibit RNR activity
We next asked whether dATP inhibits E. coli class Ia RNR mutant proteins that are incapable of forming ␣ 4 ␤ 4 rings. We used a spectrophotometric assay that measures NADPH consumption by TRR in a coupled assay with TR and RNR. The specific activity for CDP reduction by the interface mutant proteins under active conditions (3 mM ATP) was comparable with that of WT ( Fig. 5) , indicating that the mutant proteins were properly folded and competent to form the active ␣ 2 ␤ 2 complex. In contrast, the WT and mutant proteins differed greatly in their activities under inactivating conditions (175 M dATP as the allosteric specificity and activity effector). In the presence of 175 M dATP, the CDP reduction activity of WT enzyme decreased to 7% of the activity under activating conditions (3 mM ATP), whereas the activity of interface mutant proteins is not at all, or only very slightly, diminished under the same conditions ( Fig. 5 and Table 1 ).
Discussion
In this study, we have characterized a number of mutations in the N-terminal cone domain of the E. coli class Ia RNR ␣ subunit. In particular, we have investigated substitutions of residues located on helix 2, the ␣-helix that has the largest number of contacts between the cone domain and ␤ in the ␣ 4 ␤ 4 state. None of the residues that were altered directly contact dATP ( Fig. 2A ) and thus are not designed to impair dATP binding. Instead, mutations were designed to disrupt the ␣-␤ interface at the cone domain and prevent ␣ 4 ␤ 4 ring formation. Incredibly, our EM and AUC data show that changing any of the targeted residues is enough to prevent the formation of the ␣ 4 ␤ 4 state. Notably, at high protein concentrations, which were shown in WT RNR to shift the natural equilibrium between ␣ 2 ␤ 2 and ␣ 4 ␤ 4 to the ␣ 4 ␤ 4 state even in the absence of dATP (10), the RNR mutant proteins fail to form ␣ 4 ␤ 4 rings. Thus, high WT RNR protein concentrations can override the requirement for dATP in ring formation. However, this propensity for ring formation appears completely lost in the RNR mutant proteins. Notably, we did not change the other ␣-␤ interface in these studies, i.e. the interface between the C-terminal tail of ␤ and the ␣ subunit that is shown in Fig. 1B . Therefore, we can conclude that the ␤ tail interaction is insufficient to allow formation of ␣ 4 ␤ 4 when the cone domain interface is not intact.
It is also interesting that each one of the substitutions in the cone domain yielded the same result (Table 1) . Mutation at three different positions (Ser-37, Glu-42, and Leu-43) disrupted ring formation, regardless of whether the change affected a hydrophobic contact or hydrophilic one. Taken together, these results suggest that the ␣-␤ interface at the cone domain is quite fragile and relatively easily disrupted. This finding is consistent with the small area of this interface (ϳ580 Å 2 ). It also explains why ␣ and ␤ subunits of human class Ia RNR do not form ␣ 4 ␤ 4 -ring structures despite having highly homologous structures; one amino acid change is enough to abrogate ring formation, and the ␣-␤ interface residues are not conserved between human and E. coli class Ia RNR.
With this series of RNR mutant proteins that are incapable of forming ␣ 4 ␤ 4 rings, we have been able to interrogate whether ring formation is required for allosteric activity inhibition, and we find that it is. In the absence of ring formation, dATP no longer inhibits activity. In contrast, all of the mutant proteins retain normal activity in the presence of ATP. These data sup- 
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port a model in which ring formation is causative of RNR inhibition, presumably by positioning ␤ such that RT is abrogated. It is a fascinating feature of RNRs that RT is modulated to control enzyme activity rather than disrupting substrate binding or a catalytic step. Although human class Ia RNR does not form ␣ 4 ␤ 4 rings, allosteric regulation of activity is also proposed to involve an oligomeric state change that affects RT (9, (33) (34) (35) , suggesting that controlling RT may be a common theme in the allosteric regulation of class Ia enzymes. Importantly, two of the RNR substitutions studied here, S39F and E42K, were previously shown to increase each dNTP concentration in E. coli by 2.3-25-fold, leading to mutator phenotypes (31) . These mutants were identified in in vivo studies before the structure of the dATP-inhibited ␣ 4 ␤ 4 complex was available, although authors did consider the possibility that these residue substitutions might affect allosteric regulation due to their location in the cone domain (31) . Following the ␣ 4 ␤ 4 structure determination (10, 29) , the position of these residues could be mapped to the ␣-␤ interface, and here we show that these substitutions do prevent ␣ 4 ␤ 4 -ring formation and lead to an RNR that cannot be turned off by dATP ( Table 1) . The data presented here also indicate that these two mutant enzymes are not impaired outside of their ability to be allosterically regulated by dATP; they are soluble and show WT levels of activity ( Fig. 5) . Taken together, this study and the previous study (31) provide insight into the question of how important allosteric regulation of RNR activity is to cell survival. What happens to a cell when RNR cannot be turned off? The observation that S39F and E42K mutant proteins have mutator phenotypes indicates that allosteric regulation of activity is critical for cellular health, at least in E. coli. Similarly, a mutation in a mammalian RNR gene that generates an RNR enzyme that is insensitive to dATP levels has been implicated in a mutator phenotype (36) . In the latter case, the amino acid substitution is of a residue in the dATP-binding site and not at an oligomeric interface (36, 37) . Importantly, different classes and different species of RNRs are regulated to varying degrees in different systems at the level of transcription (38, 39) , translation (40) , cellular localization (41, 42) , and degradation (43) . How these modes of regulation work together to maintain nucleotide pools is not yet established. Not all RNRs have a cone domain (2), whereas others appear to have two or more cone domains (44 -47) . Thus, the overall importance of allosteric regulation of activity is likely to differ in different systems. However, for These results agree well with previously reported behavior of the WT enzyme (10) . B, sedimentation of interface mutant proteins S37D/ S39A, L43Q, and S39R with 175 M dATP. C, sedimentation of the previously identified RNR mutant proteins S39F and E42K with 175 M dATP or 3 mM ATP. A and B, experiments were performed at 1 or 10 M ␣ 2 /met-␤ 2 . C, 1 M ␣ 2 and a 5-fold excess of met-␤ 2 (5 M) were used to avoid the ␣ 2 ␤ 2 species overlapping with free ␣ 2 , sedimenting at 8 S (10). The expected peak positions for ␣ 2 ␤ 2 and ␣ 4 ␤ 4 (and ␤ 2 where appropriate) are shown as gray bars. 
mammalian and E. coli cells expressing class Ia RNRs, allosteric regulation of activity is clearly important.
It is interesting to consider these finding in terms of RNR inhibitor design. Given their important role in DNA replication and repair, RNRs are targets for anti-cancer, antibacterial, and antiviral therapies. Gemcitabine is a Food and Drug Administration (FDA)-approved prodrug used clinically in the treatment of various forms of cancer (48) . In its phosphorylated state, gemcitabine-diphosphate is an RNR mechanism-based inhibitor (49, 50) . In contrast, FDA-approved hydroxyurea, used in the treatment of HIV (51, 52) , inactivates class Ia RNRs by quenching the tyrosyl-radical species on the ␤ 2 subunit (53, 54) . More recently, it has been suggested that FDA-approved clofarabine in its phosphorylated form may inhibit human RNR by binding to the cone domain in the ␣ subunit and locking the enzyme in an inactive ␣ 6 state that mimics the dATP-inhibited ␣ 6 state of the human RNR (34, 35, 55, 56) . Thus, we have three RNR inhibitors that appear to work in different ways, targeting the active site (gemcitabine-diphosphate), the radical site (hydroxyurea), and an allosteric activity regulatory site (clofarabine di-and triphosphate). This work suggests that designing small molecules to bind to the cone domain to prevent dATPinduced inhibition could also yield successful therapeutics. In other words, a small molecule that targets the cone domain could be therapeutically valuable regardless of whether it induces a tighter inhibited complex or prevents complex formation. It is problematic for a cell to have an RNR that is either always off or always on. Although a number of RNR-based therapies are used clinically (25) , the promise of RNR as an antibacterial target has not been fully realized. The allosteric activity site of bacterial RNR offers another prospect. Given that mammalian and bacterial RNRs appear to employ different oligomeric states (9, 10, 28, (33) (34) (35) 57) , side effects due to human RNR disruption are unlikely for small molecules that are designed to bind at or near a bacterial RNR ␣ 4 ␤ 4 interface. Targeting allosteric regulation also has the benefit of not directly killing cells, but instead elevating mutation rates through disrupting nucleotide metabolism. Such strategies may be less susceptible to resistance and have fewer deleterious effects on off-target microbial populations, such as gut commensals.
In summary, we have provided evidence that allosteric regulation of activity for the best-studied class Ia RNR directly involves dATP-induced ␣ 4 ␤ 4 ring formation, which subsequently causes enzyme inactivation. We still do not know how dATP binding to the cone domain results in formation of the observed ␣-␤ interface, given that the dATP binding is near to, but does not directly contact, the residues involved in interface formation. Also, we do not know the molecular basis by which ATP replacing dATP in this site serves to disrupt the interface. We do know that the affinity of this allosteric site is tuned such that small changes in the ratio of dATP to ATP can be sensed, shifting the oligomeric states of the enzyme and the enzyme activity, appropriately. It is fascinating that this RNR has adopted such an unusual mechanism for regulating activity. Instead of moving a loop or a side chain, the whole ␤ 2 subunit is held at arms length from ␣ 2 so that RT, and thus ribonucleotide reduction, cannot occur until more deoxynucleotides are needed.
Experimental procedures
Protein production
The E. coli class Ia RNR (nrdA) gene with an N-terminal hexahistidine (His 6 ) tag was previously cloned into a pET28a vector under the control of a T7 promoter (58) . All E. coli ␣ 2 mutants were constructed using QuikChange mutagenesis technology (Agilent) with primers from Integrated DNA Technologies, and the sequence of each mutant was confirmed through DNA sequencing (Genewiz). Primer sequences for building each construct are listed in Table 2 . His 6 -tagged WT E. coli ␣ 2 was overexpressed and purified based on previously described methods (58) . Briefly, cells were harvested and resuspended in Buffer A (50 mM HEPES, pH 7.6, 300 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine) lysed by sonication and clarified by centrifugation at 29,000 ϫ g. Lysate was applied to a 5-ml HisTrap HP column (GE Healthcare), washed with Buffer A supplemented with 30 mM imidazole, and eluted with Buffer A supplemented with 300 mM imidazole. Protein was further purified on a Superdex 200 16/60 size-exclusion column (GE Healthcare) in a final buffer of 20 mM HEPES, pH 7.6, 100 mM NaCl, 5% (w/v) glycerol. A final yield of ϳ25-50 mg/liter of culture for WT ␣ 2 was typical. The purification for the mutant proteins was identical, with similar yields. All proteins were judged as purified to homogeneity by SDS-PAGE. None of the interface mutant proteins showed any indication of instability or propensity to aggregate during purification.
Untagged E. coli ␤ 2 was purified, as described previously (59), and contained ϳ1.2 radicals per dimer as estimated by UVvisible spectroscopy of the Tyr-122 radical (⑀ 411 of 1760 mM Ϫ1 cm Ϫ1 after drop-line subtraction of the diferric cluster absorbance) (60) . The met-␤ 2 was produced by reduction of active ␤ 2 by hydroxyurea as described previously (10) . All proteins were buffer-exchanged into buffer containing 50 mM HEPES, pH 7.5, Table 2 DNA sequences of primers used to build E. coli class Ia RNR ␣ mutants
Mutants
Primers Sequences
Disrupting allosteric regulation of ribonucleotide reductase (GE Healthcare). E. coli TR and TRR for coupled activity assays were produced as described previously (7, 61, 62) .
Activity assays
Activities of ␣ 2 mutant proteins were determined by a spectrophotometric assay using E. coli TR and TRR and NADPH as a terminal electron donor (63) . NADPH consumption was monitored at 340 nm with a Cary 300 Bio spectrophotometer (Varian/Agilent). Reaction mixtures contained 100 nM WT or mutant ␣ 2 , 500 nM ␤ 2 , 30 M TR, 0.5 M TRR, 200 M NADPH, 1 mM CDP as substrate, and either 3 mM ATP or 175 M dATP as allosteric effectors. The assay buffer contained 50 mM HEPES, pH 7.6, 15 mM MgCl 2 , 1 mM EDTA. Data analysis was performed in the Cary WinUV Kinetics program (Varian/ Agilent) and MATLAB (Mathworks). Initial rates were determined by linear fitting of the NADPH consumption 30 -60 s after initiation of the reaction by addition of ␤ 2 . The ␣ 4 ␤ 4 on-rate has not been directly reported, but surface plasmon resonance data suggest a very fast association (64) such that the ␣ 4 ␤ 4 complex should form within the mixing time of the assay. Basal NADPH oxidation was determined over 30 s prior to addition of ␤ 2 .
AUC
All AUC experiments were performed in a Beckman XL-1 centrifuge at 42,000 ϫ g and 25°C. Interference optics were used due to high UV absorption by nucleotides. Protein solutions at the specified concentration and reference solutions were prepared with 175 M dATP or 3 mM ATP as effector, 1 mM CDP, and 5 mM DTT in the same buffer used for assays. Data were analyzed in DCDT ϩ (65) . The sedimentation coefficient distribution, g(s*), was generated based on 50 -80 scans. Sedimentation coefficient values were adjusted for buffer composition to standard values using the previously described parameters (10): solvent viscosity of 1.042 centipoise, solvent density of 1.00348 g ml Ϫ1 , and partial specific volume of 0.7335 and 0.7346 ml g Ϫ1 for ␣ 2 and ␤ 2 , respectively. The distributions were fit by least-squares analysis in DCDT ϩ to obtain the temperature and solvent-corrected sedimentation coefficient s 20, w , molecular weight, and an approximate concentration.
Electron microscopy (EM)
␣ 2 and met-␤ 2 at 150 nM each were mixed with 1 mM CDP and 175 M dATP or 3 mM ATP and incubated for 5 min, and 5 l of the mixture was applied to a carbon film on a copper/ rhodium EM grid (Ted Pella, Inc.). The protein was immediately blotted off, and the grid was stained by repeated application and blotting of 5 l of 2% uranyl acetate. The grid was covered with a second carbon layer prior to drying. The image of the grid with ATP was acquired from the same equipment previously described (10) . The other images were taken on a Tecnai Spirit (FEI) instrument with an XR16 camera (AMT) operated at 120 kV at 68,000 ϫ magnification. 5-10 grid squares were examined, and a representative field was shown for each protein sample. 
